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Abstract:We know that demanding SU(2)L×U(1)Y gauge symmetry of Lagrangian is a
“sufficient” condition to describe electroweak interactions; however, in this paper, we have
tried to find whether it’s a “necessary” condition or not. We have used a different approach
to describe electroweak interactions without using any SU(2)L doublet or SU(2)L generator
and incorporate some new physics aspects into theory. In this method, we only need
local gauge invariance of Lagrangian under a “generalised U(1)Q gauge transformation”,
where Q is electric charge (not to be confused with usual U(1) transformation). Under
this gauge transformation, all charged fields including charged gauge bosons transform as
H(µ) → H(µ)eiqhθ and all neutral gauge bosons transforms as Vµ → Vµ+Λ∂µθ. Nevertheless,
SU(2)L symmetry can be restored by imposing constraints on some parameters and thus
standard model can be considered as a special case of this model. Hence, it turns out
that SU(2)L × U(1)Y gauge symmetry is a “sufficient” but “not necessary” condition for
electroweak interactions.
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1 Introduction
Electroweak interaction is one of widely studied topics in high energy physics, both the-
oretically and experimentally. Weak interactions are described using non abelian gauge
theory[1] whereas electromagnetic interactions are explained by abelian U(1)Q gauge the-
ory. Standard model (SM) gives good theoretical explanation of electroweak interactions
taking SU(2)L × U(1)Y gauge symmetry of Lagrangian [2–8]. It implies that demand-
ing SU(2)L × U(1)Y gauge symmetry of Lagrangian is a “sufficient” condition to describe
electroweak interactions. However, recent experiments, showing deviations of data from
SM predictions in several cases [14–24], leads us to ask whether SU(2)L × U(1)Y gauge
symmetry is a “necessary” condition or not for describing electroweak interactions. In this
paper, we have tried to figure out the answer to that query.
Usually, some extra symmetries are imposed on the Lagrangian to explain deviations
of data theoretically, keeping the SU(2)L × U(1)Y gauge symmetry intact. Our approach
differs from the existing methods largely. Still, it can produce same kind of theoretical
results as SM and in addition, it can also incorporate different physics aspects beyond
Standard Model (BSM) like new electroweak gauge bosons [24, 25, 32–39], non-universality
and non-unitary mixing matrices for quarks or leptons [26–31], flavour changing neutral
current (FCNC) at tree level [36–39] etc. In this approach, we start with the assumption
that SU(2)L symmetry is not an exact symmetry in the energy scale, we generally deal
in experiments; rather it seems to be exact as BSM effects are tiny in most of the cases.
So, it is possible that there exists some different symmetry in the Lagrangian at higher
energy scale and in low energy approximation that symmetry resembles SU(2)L. Thus
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we start our approach with a different symmetry and let us call it “generalised U(1)Q
gauge symmetry.” We take all charged fields including fundamental charged vector bosons
to be transformed as H(µ) → H(µ)eiqhθ and all fundamental neutral vector bosons to be
transformed as Vµ → Vµ + Λ∂µθ under “generalised U(1)Q gauge transformation” (Q
denotes electric charge, qh is the electric charge of particle H and Λ is some constant).
Then, we demand that the Lagrangian must be invariant under this gauge transformation.
How this claim eventually lead to electroweak interactions is the main objective of this
paper. This technique can be thought as an extension of Quantum Electrodynamics (QED).
We emphasise that any kind of SU(2)L doublets or SU(2)L generators are not used at all
in our method. We only look for the effects of “generalised U(1)Q gauge symmetry” on
the Lagrangian in this model. However, constraints on some parameters of this model can
lead to usual SU(2)L symmetry and thus SM can be considered as a special case of this
model.
It took several decades to build a sound model (both theoretically and experimentally)
for electroweak interactions (Standard Model) through numerous ingenious ideas; yet we
get experimental evidences for various New Physics effects. So, one should not expect
that a single paper will explain all theoretical and experimental aspects of electroweak
interactions abandoning SM completely. Instead of imagining this model as an alternative
to SM, one should consider it as the first step to look into electroweak interactions from a
different perspective.
2 Interactions of gauge bosons
Let us first assume that there exist two complex fundamental vector boson fields (Aµ+ and
Aµ−) which are charge conjugate to each other. As we are not trying to formulate any
effective field theory, we do not take Aµ± to be any composite vector bosons (like vector
mesons). In the beginning, we are not labelling them as “gauge bosons” but we have
discussed later why they should be taken as gauge bosons. On the other hand, to avoid
non-renormalizability we will consider dimension (mass) four operators only throughout
the analysis.
Now, we can write Aµ± as complex linear combinations of two real vector boson fields
Aµ1 and A
µ
2 in the following manner
Aµ+ =
Aµ1 − iAµ2√
2
and Aµ− =
Aµ1 + iA
µ
2√
2
(2.1)
The free field Lagrangian for these fundamental vector bosons without any kind of
interaction looks like
Lgauge = −1
4
(F1µνF
µν
1 + F2µνF
µν
2 ) = −
1
2
(F+)µνF
µν
− (2.2)
where Fµνj = ∂
µAνj − ∂νAµj with j = +,−, 1, 2.
Here we see that Lgauge is invariant under global gauge transformation Aµ± → Aµ±e±iqθ
where θ is a space-time independent real quantity and ±q is the charge of Aµ±. Now we
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demand this Lagrangian to be invariant under Local gauge transformation
Aµ± → Aµ±e±iqθ(x) (2.3)
Under this transformation
∂µAν± → (∂µAν±)e±iqθ ± iq(∂µθ)Aν±e±iqθ, (2.4)
Fµν± → Fµν± e±iqθ ± iqe±iqθ[(∂µθ)Aν± − (∂νθ)Aµ±], (2.5)
Using these transformations on Eq. (2.2), we get
Lgauge → Lgauge + δ1 + δ2 + δ3 (2.6)
δ1 = iq[∂µθ(∂
µAν+)A−ν − ∂νθ(∂µAν+)A−µ],
δ2 = −iq[∂µθ(∂µAν−)A+ν − ∂νθ(∂µAν−)A+µ],
δ3 = −q2[A+µAµ−∂νθ∂νθ −A+µAν−∂νθ∂µθ]
(2.7)
We see from Eq. (2.6) and Eq. (2.7) that Lgauge is not invariant under this transfor-
mation and some extra terms appear in the transformed free Lagrangian. Hence, we need
at least one more real “gauge boson” field Aµ3 which will transform as
Aµ3 → Aµ3 + λ∂µθ (λ is a constant) (2.8)
in order to cancel those extra terms in Lagrangian, because ∂µθ is a vector quantity. As
the extra terms in Eq. (2.7) contain products of Aµ+, A
µ
− and ∂
µθ, we can expect that Aµ±
and Aµ3 will interact with each other. So, we need to redefine our Lagrangian accordingly.
Observing Eq. (2.6), Eq. (2.7) and Eq. (2.8), it is obvious that we must add two
interaction terms T1, T2 in the Lagrangian to cancel δ1 and δ2 in the transformed Lagrangian
where
T1 = − iq
λ
[A3µ(∂
µAν+)A−ν −A3ν(∂µAν+)A−µ]
T2 =
iq
λ
[A3µ(∂
µAν−)A+ν −A3ν(∂µAν−)A+µ]
(2.9)
Thus, we define new Lagrangian L′gauge as
L′gauge = −1
2
(F+)µνF
µν
− + T1 + T2 (2.10)
But, after applying generalized U(1)Q gauge transformation on L′gauge we find that it’s
still not gauge invariant and
L′gauge → L′gauge − δ3 +∆3 (2.11)
where,
∆3 =
q2
λ
[2(Aµ3∂µθ)(A+ ·A−)− (Aµ+∂µθ)(A3 ·A−)− (Aµ−∂µθ)(A3 · A+)] (2.12)
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Looking at Eq. (2.7), Eq. (2.8), Eq. (2.11) and Eq. (2.12), we find that we must add
another interaction term T3 in the Lagrangian to cancel all the extra terms in transformed
L′gauge, where
T3 = − q
2
λ2
[(A+ ·A−)A23 − (A3 · A−)(A3 ·A+)] (2.13)
But, there might be some other terms which are gauge invariant by themselves (e.g.
F3µνF
µν
3 ) in the Lagrangian. We denote them as Linv. Thus we get the “gauge invari-
ant Lagrangian” as
L˜gauge = Linv − 1
2
(F+)µνF
µν
− + T1 + T2 + T3 (2.14)
Now, using Eq. (2.1),Eq. (2.9) and Eq. (2.13), we express T1, T2 and T3 in terms of
A1, A2 and A3. Then,
T1 = − q
λ
(∂µAν1)[A2µA3ν −A3µA2ν ]
= − q
2λ
Fµν1 [A2µA3ν −A3µA2ν ]
(2.15)
T2 = − q
λ
(∂µAν2)[A3µA1ν −A1µA3ν ]
= − q
2λ
Fµν2 [A3µA1ν −A1µA3ν ]
(2.16)
T3 = − q
2
2λ2
[(A21 +A
2
2)A
2
3 − (A1 ·A3)2 − (A2 · A3)2]
= − q
2
4λ2
[(A2µA3ν −A3µA2ν)(Aµ2Aν3 −Aµ3Aν2)
+ (A3µA1ν −A1µA3ν)(Aµ3Aν1 −Aµ1Aν3)]
(2.17)
If we define new operators Fµνj as
F
µν
j = F
µν
j +
q
λ
ǫjklA
µ
kA
ν
l (2.18)
where (j, k, l) can take values (1, 2, 3) and ǫjkl is usual Levi-Civita tensor, then using
Eq. (2.2), Eq. (2.14), Eq. (2.15), Eq. (2.16) Eq. (2.17) and Eq. (2.18), we can rewrite
L˜gauge as
L˜gauge = Linv − 1
4
∑
j=1,2
F
µν
j Fjµν (2.19)
Instead of starting with Aµ1 and A
µ
2 , we could have started with A
µ
2 and A
µ
3 and made
the complex fields as linear combinations of them. Then, of course, we would have got
Aµ1 as the extra “gauge boson”, required to make the Lagrangian gauge invariant. In that
case, everything would go in the same way and we would end up with
L˜gauge = L′inv − 1
4
∑
j=2,3
F
µν
j Fjµν (2.20)
Comparing Eq. (2.19) and Eq. (2.20) we find that
Linv = L0 − 1
4
F3µνF
µν
3 and L′inv = L0 −
1
4
F1µνF
µν
1 (2.21)
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=⇒ L˜gauge = L0 − 1
4
∑
j=1,2,3
F
µν
j Fjµν (2.22)
where L0 denotes the kinetic and interaction terms for other gauge bosons (like Bµ or new
gauge bosons) and it must be gauge invariant.
Now, we define weak coupling constant g as
g = − q
λ
(2.23)
and thus we arrive at same Lagrangian as it should be in case of SU(2) gauge symmetry
where Aµ±, A
µ
3 act as W
µ
±,W
µ
3 . The main reason for using non abelian gauge theory (in
SM) for electroweak interaction was to explain the interactions among gauge bosons which
cannot be described by usual abelian gauge theory. However, similar kind of interactions
among gauge bosons have appeared here from a completely different view point. Never-
theless, it’s a coincidence that the Lagrangians for gauge fields in SU(2) symmetry and
generalized U(1)Q gauge symmetry are same; the Lagrangians for other interactions will
be different in case of these two symmetries (as discussed in later sections). At this point
one can ask why Aµ3 is identified as W
µ
3 , not as photon. We know from QED that under
U(1)Q gauge transformation photon changes as A
µ → Aµ−∂µθ when ψ → ψeiqf θ with the
interaction term −qfψγµψAµ[5–7]. So looking at the value of λ in Eq. (2.23) one can infer
that Aµ3 is not photon.
In our approach, we have introduced Aµ3 to make Lgauge a gauge invariant object; so
Aµ3 is a “gauge boson”. Again, we have discussed earlier how A
µ
1 also can act as a “gauge
boson”. Similarly, there can arise a case where Aµ2 acts as a “gauge boson”. These three
cases are equivalent. So, we should take all of the three bosons on an equal footing. In this
sense, there arises some kind of symmetry among Aµ1 , A
µ
2 and A
µ
3 and all of them should
be taken as gauge bosons.
3 Charged current interactions
Now, we have to look at the interactions of these gauge bosons with fermions. Let, there
is a fermionic field ψ with mass m. The corresponding free field Lagrangian is
L˜fermion = ψ(i/∂ −m)ψ (3.1)
Taking analogy from QED, we take a general structure for any weak current to be
ψjγµψk where j, k denote different fermions and search for the constraints coming from
gauge invariance of Lagrangian. But at low energy scale, charged weak interactions are
observed to be left handed only. This can be taken into account by taking the vertex factors
for charged weak interactions to be proportional to γµ(1 − γ5) or charged weak currents
to be ψjLγµψkL where ψL =
1−γ5
2 ψ and ψR =
1+γ5
2 ψ. In other words, the couplings of
all right handed fermions with Aµ± are taken to be zero in order to match the theory with
observations. So we take the Lagrangian for charged current interactions as
L˜ch = −[gjkψjLγµψkLAµ+ + g∗jkψkLγµψjLAµ−] (3.2)
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where gjk is the charged current coupling between ψjL and ψkL. As the Lagrangian is
hermition, the coupling for charged current mediated by Aµ− is taken to be g
∗
jk, complex
conjugate of gjk.
Now, according to our convention, under U(1)Q gauge transformation ψj changes as
ψj → ψeiqjθ. So, L˜ch transforms as,
L˜ch → −gjkψjLγµψkLAµ+ei∆qθ − g∗jkψkLγµψjLAµ−e−i∆qθ (3.3)
where ∆q = q−qj+qk. Then, the condition that must hold to respect the global symmetry
is
∆q = q − qj + qk = 0 (3.4)
This Eq. (3.4) signifies electric charge conservation at fermion-Aµ± interaction vertex.
In SM, there are total 24 fermions including particles and anti-particles both. Eq. (3.4)
indicates which two of them will interact with each other through Aµ±.
As in SM W µ± have unit charge so charged weak interaction only happens between
up type quark (lepton) and down type quark (leptons) and similarly for anti-particles.
But, the interacting fermions need not to be of same generation. Thus mixing of different
generations comes automatically. There exists an ambiguity in lepton sector as neutrinos
and anti-neutrinos both are neutral in charge. This can be solved either by demanding
total lepton number conservation or by assuming neutrinos to be Majorana particle.
It is always possible to write the couplings in terms of weak coupling constant g. Then,
charged weak interaction can be written as,
L˜ch = − g√
2
[VjkψjLγµψkLA
µ
+ + V
∗
jkψkLγµψjLA
µ
−]δq+qk,qj (3.5)
Vjk in the above Eq. (3.5) gives the strength of interaction for two different fermions
with Aµ+ in terms of g. At this point there is no restriction on Vjk. Now, one can define two
column matrices Ψu and Ψd with up types quarks (or leptons) and down type quarks (or
leptons) respectively and write the charged current interaction with Aµ+ as ΨuLγµVΨdLA
µ
+
where V is a matrix made with Vjk. Using singular value decomposition (SVD), any
complex matrix can be made diagonal by multiplying two appropriate unitary matrices
on both sides of it. Then we take unitary transformations on Ψu and Ψd such that V
becomes diagonal in that basis, i.e., Ψ′u = UuΨu, Ψ
′
d = UdΨd and UuV U
†
d = Vd where
Vd is a diagonal matrix. We name this basis of fermions as “interaction basis.” Now,
if we assume that the couplings for all allowed charged current interactions with Aµ+ in
interaction basis are same (i.e. universality of fermions) then Vd becomes proportional to
identity matrix and V becomes proportional to some unitary matrix. If we further assume
that the coupling in interaction basis is g/
√
2 for all allowed charged current interaction
then V becomes unitary and we can diagonalize it by taking any one of Uu and U
†
d as
identity matrix and the remaining one as V †. In SM, we assume universality of fermions
inevitably as we take transformations on all doublets with same coupling (g). Here, we
do not take any of these assumptions and leave the universality of fermions as well as the
unitarity of V for experimental verifications.
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4 Neutral current interactions
As initially Aµ1 , A
µ
2 and A
µ
3 were equivalent, it is legitimate to assume that only left handed
fermions interact with Aµ3 . So, we take general structure of neutral current interaction as
ψjLγµψkLA
µ
3 look at the consequences of demanding gauge invariance. From global gauge
invariance, we have qj = qk. Now, we write down the whole Lagrangian as
L′ = L˜gauge + ψj(i/∂ −mj)ψj + L˜ch − g˜jkψjLγµψkLAµ3δqj ,qk (4.1)
where g˜jk is the neutral current coupling between ψjL and ψkL. Due to hermiticity of L′ we
need g˜kj = g˜
∗
jk. If qj is charge of ψj , under local gauge transformation given by Eq. (2.3)
and Eq. (2.8), L′ changes as
L′ → L′ − qjψjLγµψjL∂µθ − qjψjRγµψjR∂µθ − λg˜jkψjLγµψkL∂µθδqj ,qk (4.2)
From the above Eq. (4.2) it is evident that L′ is not a local gauge invariant object.
So, to cancel the extra pieces in the transformed Lagrangian, we need at least one more
neutral “gauge boson” (Bµ), which transforms as Bµ → Bµ + λb∂µθ under the local gauge
transformation. We also need to introduce suitable interaction terms for Bµ with fermions
to make the Lagrangian gauge invariant and looking at Eq. (4.2), we can easily write down
the interaction terms to be of the form ψjRγµψjRB
µ and ψjLγµψkLB
µδqj ,qk . The approach
for introduction of Bµ is quite similar to the approach for introduction of Aµ3 ; the only
difference is that Aµ3 makes L˜gauge to be gauge invariant, whereas Bµ makes the remaining
part of the Lagrangian to be gauge invariant. Now the question arises whether we need
ψjLγµψjLB
µ kind of interaction at all or we can take (qj + λg˜jj) = 0. The answer is
that we need this kind of interaction and (qj + λg˜jj) 6= 0. Actually, we introduced Aµ3
to make Lgauge a gauge invariant object. So, A
µ
3 should not be expected to make other
interactions gauge invariant. One important point to note is that Bµ should not couple
to Aµ± or A
µ
3 , otherwise the gauge invariance achieved in L˜gauge will be gone and we have
to start from scratch again. So, we put a kinetic term −14BµνBµν in L0, Eq (2.22), where
Bµν = ∂µBν − ∂νBµ. Then we can write L0 = L˜0 − 14BµνBµν . Another important point
is to note that there exists left handed FCNC at tree level in this approach. The left
handedness of FCNC at tree level is clear from the interactions of fermions with Aµ3 and
Bµ.
Let us keep aside FCNC for a while and focus on usual flavour conserving neutral cur-
rents first. So, after dropping FCNC terms and different gauge invariant terms (i.e. L˜gauge,
L˜ch and mψψ) from Eq. (4.1), we add the flavour conserving neutral current interactions
for Bµ and write
L˜′τ = ψτ (i/∂)ψτ − g˜fτψτγµψτAµ3 − tfτψτγµψτBµ (4.3)
where τ = L,R and g˜fR = 0. Here we have dropped the fermion index j. The couplings
g˜fτ and tfτ depend on chirality as well as flavour of the fermions. For hermiticity of
Lagrangian, g˜fτ and tfτ must be real.
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As we have assumed that Bµ changes as Bµ → Bµ + λb∂µθ under the gauge transfor-
mation, then demanding local gauge invariance of L˜′τ will lead to
qf + g˜fτλ+ λbtfτ = 0 (4.4)
where qf is charge of ψ. Now, it is always possible to write g˜fτ , λb and tfτ as
g˜fτ = gχfτ and λb = − q
g′
and tfτ = g
′ξfτ (4.5)
where g′ is some constant, χfτ and ξf are some parameters which depend on flavour and
chirality both of a fermion. Then combining the above Eq. (4.4) with Eq. (2.23) and
Eq. (4.5) one would get
qf = q(χfτ + ξfτ ) (4.6)
So, for right handed fermions, χfR = 0 and ξfR = q as A
µ
3 couples to left handed fermions
only. In case of SM, one can identify χfτ with the value of T3 (third component of weak
isospin), ξfτ with
Y
2 (half of weak hypercharge) and q with unit charge e. Then the above
Eq. (4.6) indicates to Gell-Mann-Nishijima formula [5, 8, 10].
Now, one can mix Aµ3 and B
µ through Wienberg angle (θW ) to get photon (A
µ) and
Z-boson (Zµ) [2, 3, 5, 8]as
Zµ = Aµ3 cos θW −Bµ sin θW (4.7)
Aµ = Aµ3 sin θW +B
µ cos θW (4.8)
Solving for Aµ3 and B
µ from Eq. (4.7) and Eq. (4.8) one can write the interaction part of
L˜′τ , in Eq. (4.3) in terms of A
µ and Zµ as
L˜nuet,τ = −
[
(gχfτ sin θW + g
′ξfτ cos θW )Aµ
+ (gχfτ cos θW − g′ξfτ sin θW )Zµ
]
ψfτγµψfτ
(4.9)
Identifying the coupling of photon in the above Eq. (4.9) to be qf , one have
qf = gχfτ sin θW + g
′ξfτ cos θW (4.10)
As all particles satisfy Eq. (4.6) and Eq. (4.10) both, then one must have
g =
q
sin θW
and g′ =
q
cos θW
(4.11)
Using Eq. (4.9) and Eq. (4.11) one can write the interaction of fermions with Z boson to
be
L˜Z =
∑
τ=L,R
gz
[
χfτ − (qf/q) sin2 θW
]
ψfτγµψfτ (4.12)
with gz =
q
sin θW cos θW
(4.13)
These results are already known [5, 7, 8].
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Now, if we assume that Aµ and Zµ transform as Zµ → Zµ + λz∂µθ and Aµ → Aµ +
λa∂µθ, then using Eq. (4.7),Eq. (4.8), Eq. (2.23),Eq. (4.5) and Eq. (4.11) it can be easily
shown that
λa = −1 and λz = 0 (4.14)
Thus we get the known result of QED for λa being −1 and this value of λa can be used as
a signature of photon in this method.
Now, let us look at FCNC at tree level. As we discussed earlier, it will be left
handed in this approach and the interaction terms, contributing to it, are ψjLγµψkLA
µ
3
and ψjLγµψkLB
µ where ψj and ψk are fermions of different flavours but with same charge.
In spite of writing the FCNC interaction in terms of Aµ3 and B
µ, we write it in terms of
Aµ and Zµ as
LFCNC = −[ψjLγµψkL(hajkLAµ + hzjkLZµ)] (4.15)
where qj = qk but j 6= k and hajkL, hzjkL are couplings with Aµ and Zµ respectively. For
hermiticity of Lagrangian, hakjL = h
a∗
jkL and h
z
kjL = h
z∗
jkL where ‘∗’ symbolizes complex
conjugate.
Using Eq. (4.14) and demanding local gauge invariance of this Lagrangian, it is easy
to show that hajkτ = 0. But, it is impossible to infer anything about h
z
jkτ as λz = 0. So,
left handed FCNC at tree level might exist, but it must be mediated by Z-boson only.
So, the electroweak Lagrangian will look like
L˜EW = L˜0 − 1
4
B
µν
Bµν − 1
4
F
µν
a (Fa)µν + ψj(i/∂ −mj)ψj
− g√
2
[VjkψjLγµψkLA
µ
+ + V
∗
jkψkLγµψjLA
µ
−]δq+qk,qj
− hzjkτψjτγµψkτZµδqj ,qk − qjψjγµψjAµ
(4.16)
where a = (1, 2, 3), τ = (L,R), Bµν = ∂µBν − ∂νBµ , (j, k) denote different flavours
of fermions and L˜0 contains all the kinetic and interaction terms for new gauge bosons.
Moreover, hzjkR = 0 for j 6= k and hzkkτ = (gz/2)(χkτ − qkq sin2 θW ) with χkR = 0 for all
fermions.
We see that the Lagrangian in Eq. (4.16) has no SU(2)L symmetry, still it can describe
electroweak interactions. In order to bring SU(2)L symmetry in this scenario, one has to
demand that (i) V matrix is unitary [5, 7–9], (ii) hzjkL is zero for j 6= k, (iii) χjL = ±1/2
and (iv) masses of all fermions (mj) are zero. However, the parameters of this model must
depend on the energy scale in such a way that at low energy approximation those four
conditions hold true and the Lagrangian seems to have SU(2)L symmetry.
5 Masses of gauge bosons
Now, the mass terms for gauge bosons can be introduced as
Lmass = 1
2
[m2phA
2 +m21A
2
1 +m
2
2A
2
2 +m
2
ZZ
2] (5.1)
where mph, m1, m2 and mz are the masses of photon, A1, A2 and Z respectively. If we
rewrite this Lagrangian in terms of Aµ+ and A
µ
− and demand global gauge invariance of
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Lmass then we must have m1 = m2 = mW (say). Moreover, in order to make Lmass local
gauge invariant we need mph = 0 as under local gauge transformation A
µ → Aµ − ∂µθ.
But Z boson might be massive as λz = 0, Eq. (4.14). With these constrains mass terms
for gauge boson can be written in Lagrangian as,
L˜mass = 1
2
m2ZZ
2 +m2WA
µ
+A−µ (5.2)
However, in order to make the theory renormalizable, the masses of gauge bosons must
be zero and they should be generated by some other mechanism.
6 Renormalizability
As the values for different parameters of this model are not made fixed, it is not legitimate to
ask whether this theory is renormalizable or not; rather one must demand renormalizability
to restrict the parameter-space for this model. To clarify the statement, let us consider a
concrete example. Let, there is a charge-less scalar field ϕ (not to be confused with Higgs
field). From usual field theory, we know that ϕ3 theory is non-renormalizable whereas
ϕ4 theory is renormalizable (in four dimensions)[6]. Now, if we have a theory with the
interaction term as
(
αϕ3+βϕ4
)
, we cannot not make any statement about renormalizability
of the model till α and β are made fixed. However, demanding renormalizability, one can
constrain the parameter-space for (α, β) as β 6= 0 because for any non-zero β, the interaction
term results in a shifted ϕ4 theory as
(
αϕ3+βϕ4
)
= β
[(
ϕn+
2
3 ϕ0
)4−6ϕ20ϕ2n− 13 ϕ40
]
where,
ϕ0 =
α
4β and ϕn =
(
ϕ+ α12β
)
. Using similar kind of approach, the parameter space for our
model can be restricted.
To ensure renormalizability of the model, we have taken dimension (mass) four in-
teractions only and the masses of gauge bosons are assumed to be zero before symmetry
breaking. Though these are necessary conditions for a theory to be renormalizable, they
are not sufficient. Actually, it would take a huge effort which is beyond the scope of this
paper to find all the conditions on parameters for renormalizability. However, demanding
renormalizability cannot ensure the manifestation of SU(2)L symmetry in the theory. To
elaborate, we demonstrate an exemplary renormalizable model (a subset of our model)
which can describe electroweak interactions despite not being SM.
Let us consider a model with (i) V matrix to be unitary, (ii) hzjkL to be zero for j 6= k
and (iii) χjL to be ±1/2; i.e. it fulfils three out of four conditions (except the fourth one)
for SU(2)L symmetry, as discussed in last paragraph of section 4. Then, renormalizability,
anomaly cancellation, tree level unitarity occur automatically as we know from QED and
QCD that non-zero fermion masses do not affect renormalizability of a theory. Nevertheless,
non-zero fermion masses obstruct SU(2)L symmetry to emerge in this toy-model. So,
in principle, there could exist a renormalizable model (different from SM) interpreting
electroweak interactions.
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7 Higgs field
To generate masses for gauge bosons, we need one real scalar field Φ (in “unitary gauge”)
with the Lagrangian
L˜scalar = 1
2
[∂µΦ∂
µΦ+ κΦ2 − ωΦ4 + g
2
2
V 2ΦΦA
µ
+A−µΦ
2 + g2zχ
2
φZ
2Φ2] (7.1)
where κ and ω are some arbitrary constants. The overall 1/2 factor comes because Φ is
real. We want the gauge bosons to interact with Φ by same coupling as with fermions.
Looking at Eq. (4.16), we assume that A+ or A− interacts with Φ by coupling gVΦΦ/
√
2.
So, we took the coefficient of Aµ+A−µΦ
2 to be g2V 2ΦΦ/2. As Φ is not charged, its coupling
with photon is zero and the coefficient of Z2Φ2 is taken to be g2zχ
2
φ. There is no other
kind of dimension four interactions between the gauge bosons and Φ due to Lorentz gauge
condition. Now, we see from Eq. (7.1) that L˜scalar has a Z2 symmetry because Φ → −Φ
leaves it invariant. On the other hand, scalar potential for Φ without any interactions with
gauge bosons, V(Φ) = −12(κΦ2 − ωΦ4) has two minima at Φmin = ±
√
κ/2ω = ±v (say).
So, by picking any one of them (let us take +v) as the vacuum expectation value of Φ, we
can spontaneously break the Z2 symmetry of Lagrangian. Now, writing Φ = v+H (where
H is Higgs field) and looking at Eq. (5.2), one can identify masses of W and Z bosons as
mW =
1
2
gvVΦΦ and mZ = gzvχφ (7.2)
and their interactions with Higgs field become (14V
2
ΦΦg
2Aµ+A−µ+
1
2g
2
zχ
2
φZ
2)(H2+2vH). On
the other hand, the Higgs field gets a mass mH =
√
κ along with the self interaction terms[− (κ/v)H3− (κ/4v2)H4]. Now, using Eq. (4.13), Eq. (7.2) and definition of ρ parameter,
we get
ρ =
(g2z/m
2
Z)
(g2/m2W )
=
V 2ΦΦ
4χ2φ
and sin2 θW = 1− m
2
W
m2Zρ
(7.3)
Taking VΦΦ = 1 and χφ = 1/2 one can match all the SM results.
In general, fermionic interactions like −ζjkψjψkΦδqj ,qk can be added to L˜scalar, given
by Eq. (7.1). Then, we have to break the discrete chiral symmetry (Φ→ −Φ, ψj → iγ5ψj
for all fermions) of the Lagrangian spontaneously by picking any one of the two values of
Φmin as vacuum expectation value of Φ. So, a fermion-mass matrix (Mζ) can be formed
with elements vζjk and due to hermiticity of Lagrangian, Mζ = M
†
ζ . But, there was
a diagonal fermion-mass matrix (M) before spontaneous symmetry breaking (SSB) with
diagonal entries mj. Then, the final mass matrix, Mf = M +Mζ . As Mf is hermitian,
it can be diagonalized by unitary transformation and that basis of fermions can be called
“mass basis after SSB”. So, in this approach, masses of fermions are partly generated by
SSB. However, if they are needed to be generated fully from SSB, we have to start with
M = 0. In contrast, M is always zero in SM due to its chiral structure and hence masses
of fermions fully come from SSB in SM.
In SM, we get a similar kind of Lagrangian for the scalar field if the SSB is taken
in “unitary gauge”. However, the interaction term between fermion and scalar field looks
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a little bit different there due to the chiral structure of SM. Moreover, it is shown in
Ref. [12, 13] that, for SSB under unitary gauge, transformations of different fields in
SM look same as in this model. But, in the case of Ref. [12, 13], SU(2)L symmetry
remains hidden in the Lagrangian as the authors have started with SM. On the contrary,
there is no hidden SU(2)L symmetry in our approach. However, if someone wants to
compare SSB in SM under some different gauge (other than unitary gauge) with SSB in
this model, he/she should start with four independent real scalar fields, Φi (i = 1, 2, 3, 4),
where three of them are massless (i.e. 〈Φ1〉 = 〈Φ2〉 = 〈Φ3〉 = 0) and the fourth one (Φ4)
behaves exactly like Φ, described above. These massless scalar fields can have all other
types of interactions like Φ4 except the mass term. In this case also, the scalar potential
V({Φi}) = −12(κΦ24 − ωiΦ4i ) has two minima, situated at Φmin = (0, 0, 0,±
√
κ/2ω4), and
we have to break the discrete chiral symmetry (Φi → −Φi, ψj → iγ5ψj for all fermions
and scalar fields) of the Lagrangian spontaneously by picking any one of the two values of
Φmin as vacuum expectation value of ({Φi}). The fermionic interaction term can also be
modified as −ζijkψjψkΦiδqj ,qk . There is another interesting instance which looks similar
to SSB of SM. In this case, we start with four independent scalar fields, φi (i = 1, 2, 3, 4),
having same mass and couplings. Then the scalar potential V({φi}) = −12(κφ2i − ωφ4i )
has minima at |φmin| =
√∑
φ2i,min =
√
κ/2ω. Again, the scalar potential has a SO(4)
symmetry and due to homomorphism between SO(4) and SU(2)×SU(2), we can say that
there exists some SU(2) symmetry in this scalar potential. However, due to presence of
interactions between fermions and scalar fields, there does not exist any SO(4) as well
as SU(2) symmetry in the Lagrangian of scalar field, unlike SM. Still, there exists the
discrete chiral symmetry (φi → −φi, ψj → iγ5ψj) in the whole Lagrangian. So, by picking
a particular value of φmin, e.g. (0, 0, 0,
√
κ/2ω), as the vacuum expectation value of ({φi})
we break this symmetry spontaneously.
8 Conclusion
The parameter-space of this model is larger than that of SM. Using data for electroweak
precision tests and other experiments involving weak interaction, one can constrain the
parameter-space of this theory. But, the input parameters should be chosen very careful.
For example, we cannot use the value of GF , obtained from experimentally measured
decay rate of muon, as an input parameter. In SM, muon decay at tree level occurs
through W -mediated charged current interaction only and using the relation GF√
2
= g
2
8m2
W
,
we get the experimental value of GF . But, in our approach, it is also possible through
Z-mediated FCNC currents
(
i.e. µ+ → e+Z(→ νiνj) where (i, j) = (e, µ, τ)
)
. Still, using
the experimental data for muon decay rate, we can get constrain on the FCNC couplings
(hzjkL) for this process. However, if the FCNC couplings for this mode is assumed to be
very small with respect to g, then one can use the value GF as an input parameter. Again,
due to lack of knowledge about ρ parameter, we cannot estimate the value of sin2 θW using
Eq. (7.3) with measured values of mZ and mW . On the other hand, the value of sin
2 θW ,
extracted from Møller scattering [11], needs GF as an input parameter. So, one should start
from scratch to look for the restrictions coming from electroweak precision tests and other
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experiments. On the other hand, to maintain a proper quantum field theoretic approach,
one should first quantize this model in path integral formalism by introducing appropriate
gauge fixing term and Faddeev-Popov ghosts, then renormalize it and at the end look for
different quantum corrections coming from various loops.
However, we have shown that a “generalized U(1)Q gauge symmetry” can produce
electroweak interactions without demanding any SU(2)L gauge invariance. Interactions
among gauge bosons, charged current interactions, neutral current interactions everything
comes naturally once generalized U(1)Q gauge symmetry is demanded. In addition, scopes
for non-unitary CKM matrix and FCNC at tree level are also discussed. These FCNC
interactions can contribute to several precesses like muon decay and leptonic tau decay in
tree level, processes involving “penguin diagrams” (e.g. b→ sl+l−) in tree level, neutrino
oscillations in one loop level and so on. On the other hand, though the current experimental
data for V -matrix elements are consistent with SM, the inclusion of FCNC vertices might
change the values of different elements in matrix V leading to its non-unitarity. Non-
unitary V matrix in lepton sector can lead to non-universality of leptons which can be
used for describing the discrepancies between SM prediction and experimental results of
various observables in different decay modes, e.g. RD − RD∗ [17–19] and RK − RK∗ [14–
16]. Again, Non-unitary V matrix can also incorporate possibilities for fourth generation
fermions more easily than SM. Similarly, in future, if some other electroweak gauge bosons
[24, 25, 32–39] are discovered experimentally, they can be handled very comfortably in this
approach without assuming any new symmetry of Lagrangian. In a nutshell, this approach
shows that demanding SU(2)L × U(1)Y invariance of Lagrangian to describe electroweak
interactions is a “sufficient” but ”not necessary” condition. This model provides more
general description of electroweak interactions and SM can be considered as a special case
of it. Use of this approach in other gauge theories may lead to some interesting inferences.
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